Damage to plasma-facing components (PFCs) and structural materials during abnormal plasma behavior such as hard disruptions, edge-localized modes (ELMS), and vertical displacement events (VDEs) is considered a serious life-limiting concern for these components. The PFCs in the International Thermonuclear Experimental Reactor (ITER), such as the divertor, limiter, and parts of the first wall, will be subjected to high energy deposition during these plasma instabilities. High erosion losses on material surfaces, high temperature rise in structural materials (particularly at the bonding interface), and high heat flux levels and possible burnout of the coolant tubes are critical constraints that severely limit component lifetime and therefore degrade reactor performance, safety, and economics. Recently developed computer models and simulation experiments are being used to evaluate various damage to PFCs during the abnormal events. The design implications of plasma-facing and nearby components are discussed, and recommendations are made to mitigate the effects of these events.
instabilities and other forces will further erode melt-layers of metallic PFMs. The amount of melt-layer erosion depends on many parameters such as duration of melt layer in the liquid phase, melt-layer thickness, magnitude and direction of various existing forces, and other parameters. Recent experiments on plasma disruption simulation and on melt-layer erosion are evaluated in detail. Longer plasma instabilities may also allow enough time for the deposited plasma energy to be conducted from the surface to the structural material and finally to the coolant channels where it can cause burnout. The analysis has been done for the plasma parameters expected in ITER, for different candidate surface materials such as beryllium, carbon, and tungsten, and for heat sink or structural materials such as copper.
The design implications of PFMs and nearby components damage due to these instabilities are discussed and recommendations are made to ensure the best performance and longer lifetime of these components.
. Types of damage to PFCs from plasma instabilities
Plasma instabilities such as hard disruptions, ELMS, and VDEs will cause both surface and bulk damage to plasma-facing and structural materials. Surface damage include high erosion losses due to surface vaporization, spallation, and melt-layer erosion.
Bulk damage include large temperature increases in structural materials and at the interface between surface coatings and structural materials. These large temperature increases will cause high thermal stresses, possible melting, and material fatigue and failure. Other bulk effects of some plasma instabilities, particularly those of longer duration such as VDEs and those with deeper deposited energy such as runaway electrons, can cause high heat flux levels at the coolant channels, which may cause burnout of these tubes [3] .
a In addition to these effects, the transport and redeposition of the eroded surface materials from vaporization, melt-layer splashing, and macroscopic particle emission to various locations on plasma-facing and nearby components are of major concern for plasma contamination, for safety (dust inventory hazard), and for successful and prolonged plasma operations following plasma instability events [4] . A procedure to clean up the dust and redeposited debris of the eroded materials is just as important as the procedure to repair the incurred damage on PFCs.
. Surface erosion mechanisms
Models for surface vaporization, material cracking and spallation, and liquid-metal ejection of melt layers have been developed for various erosion-causing mechanisms and implemented in the comprehensive A*THERMAL-S and SPLASH computer codes [5-71.
Below are brief descriptions of various models and mechanisms used to study surface erosion and predict components' lifetimes.
. 1 Erosion due to surface vaporization
To evaluate the early response of PFCs to plasma instabilities, the detailed physics of various interaction stages of plasma particles with target materials must be correctly modeled in detail. Initially, the incident plasma particles of the disrupting plasma will deposit their energy at the surface of the target material. Models for particle energy deposition and material thermal evolution were developed for multilayer structures which include phase-change and surface-vaporization models, moving bougdaries, f temperaturedependent thermophysical properties, etc. Deposition at higher power will cause sudden and early surface ablation of PFCs. As a result, a vapor cloud of the surface material will quickly form above the bombarded surface and in front of the incoming plasma particles.
Depending on many parameters, such as incident plasma power, magnetic field structure, geometrical considerations, vapor diffusion and motion, etc., the developed vapor cloud may significantly shield the original exposed areas from the incoming plasma particles and therefore further reduce surface damage.
To calculate the efficiency of vapor-cloud shielding in protecting plasma-facing materials (PFMs), detailed physics of plasmahapor interactions have been modeled. The models include plasma particle slowdown and energy deposition in the expanding vapor, vapor heating, excitation, and ionization, and vapor-generated proton radiation. The detailed vapor motion above the exposed surface is calculated by solving the vapor magnetohydrodynamic equations for conservation of mass, momentum, and energy under the influence of a strong magnetic field [2] . A significant part of the incident initial plasma kinetic energy is quickly transformed into vapor-generated photon radiation.
Finally, models for photon transport throughout the expanding vapor cloud have been developed to calculate the net heat flux that is reaching the original disruption surface of PFCs [7] . It is this heat flux that will further determine most of the response and the net erosion from surface vaporization of PFCs during these instabilities. The models include treatment for nonlocal thermodynamic equilibrium of the vapor-cloud-generated plasma, multigroup analysis (up to 4000 energy groups) of the produced photon spectra, as well as self-consistent kinetic models for both continuum and line radiation that also take into account treatment of multidimensional radiation transport, and advanced numerical techniques for accurate calculation of radiation propagation in the vapor cloud as well as in the condensed target material. can range from a few eV up to few tens of eV, depending on the target material and on the incident plasma power density and particle kinetic energy. Significant radiation can be emitted from the hot vapor-front zones. In fact, in most high-energy disruption cases, more than 80% of the incident plasma energy is converted to photon radiation. Depending on divertor design and configuration, the expanding hot vapor and its radation can damage nearby components [8], particularly in closed divertor configurations [9] . It is therefore desirable that the vapor normal expansion be kept to a minimum and that the design of the divertor region not be of the closed type, in order to allow the larger surface area to absorb the intense emitted radiation.
The time evolution of the transmitted power to the tungsten surface and the thickness of the resulting vaporization during disruptions at two energy densities (10 and 100 MJ/m2) are shown in Fig. 2 . The power transmitted to the original surface is quickly and significantly reduced as soon as surface vapor begins to accumulate and form a cloud above the exposed surface area. This process effectively shields the surface from the direct deposition of plasma particles. Because of the relatively low kinetic energy of the incident plasma particles (E < 20 keV), very little vapor is needed to completely stop incoming particles, particularly when the vapor is heated [ 101. The total erosion depth due to surface vaporization is only a few micrometers, which is about one to two orders of magnitude lower than it would be if no vapor shelding was assumed [ 111. Figure 2 also shows that increasing the power density by one order of magnitude increases vaporization losses by a factor of only about 2 because, at higher incident plasma energy densities, the transmitted energy flux to the surface is only slightly higher, mainly due to the higher photon flux generated in the vapor cloud. This higher energy flux that is transmitted to the tungsten surface will slightly increase the surface temperature and generate more vapor, which then becomes more opaque to the incoming higher radiation flux.
To compare erosion losses derived from only surface vaporization models, recent experimental data, from plasma gun devices, is analyzed using carbon-based materials (CBMs), which do not melt. Despite the large uncertainties in the parameters of plasma gun devices, they are believed to be more suitable for simulating reactor disruptions than are electron or laser beams [7] . Several laboratory experiments were performed to study However, because CBMs do not melt and can have larger initial thickness, they may have much longer lifetimes andor fewer down-times for repair than those of metallic components.
. 2 Melt-layer erosion mechanisms
Theoretical calculations have already shown that surface vaporization losses of metallic PFMs are small (only a few micrometers deep) over a wide range of plasma conditions during the shorter plasma instabilities (such as the hard disruptions shown in Fig 2) . This is due to the self-sbelding mechanism discussed above in which the material's own vapor stops and absorbs most of the incoming plasma energy. The net energy flux to the original disruption area is significantly reduced to <5-10% of its initial value (see Fig. 2 ), depending on target material and the initial plasma energy flux. This reduced energy flux is, however, large enough to cause significant melting of metaUic PFCs. The resulting melt-layer thickness can be one to two orders of magnitude higher than surface vaporization losses [6] . The free surface of the melt layer, developed during a disruption, is exposed to various forces such as electromagnetism, gravitation, mechanical vibration, plasma momentum, surface tension, and ablation recoil. Several mechanisms can cause melt-layer loss during the thermal quench phase of the disruption [16] . These include melt splashing from boiling of gas bubbles, splashing due to absorption of plasma momentum, erosion from hydrodynamic instabilities developed in the liquid layer due to the tangential and perpendicular forces acting on the free surface of the liquid, erosion due to runoff of melt layers over the structure, and erosion caused by mechanical vibration of the machine during the disruption event.
Among the different mechanisms that can cause melt-layer erosion during plasma instabilities, two have been demonstrated experimentally and studied theoretically in detail [17, 18] . Contributing significantly to melt layer erosion at high heat loads is melt splashing due to the formation, growth, and bursting of bubbles inside the liquid layer.
This results from the continuous heating and overheating of the liquid layer during energy deposition. Surface temperature of the liquid layer will exceed the equilibrium vaporization temperature for periods of time during plasmdmaterial interaction, and this overheating will result in the growth and the explosion or vaporization of the volume bubbles as they reach the free surface, in t u n leading to ejection and loss of parts of the melt layer. The amount and rate of melt-layer erosion depend on many parameters, such as degree of overheating, impurity and gas content, material properties, and disrupting plasma parameters.
Preliminary analysis of the microstructure of the exposed metal surfaces in the QSPA facility has clearly shown the formation of volume bubbles at high densities [13]. This was also shown for other materials such as B,C in the VIKA plasma gun [19] and a tungsten sample in the GOL-3 electron beam facility [ZO] . Traces of melted aluminum metal droplets were found at locations in the QSPA facility up to a few meters from the aluminum target area.
A second mechanism in melt-layer erosion, also demonstrated experimentally, is the development and growth of hydrodynamic instabilities. Such forces can occur during the thermal and current quench phases of a disruption because of plasma impact momentum (plasma wind) at the liquid surface and from forces generated due to current decay in the liquid metal layer. During the thermal quench, part of the incident plasma momentum is deposited in a thin surface layer; this will accelerate the liquid metal in this layer to very high velocities. As a result, hydrodynamic instabilities such as the Kelvin-Helmholtz (K-H) instability will arise and form liquid droplets that will be carried away by the plasma 
. Theoretical predictions of melt-layer erosion
Improved numerical models have been implemented in detail in the SPLASH code to study dynamic erosion of the evolving melt layer due to various mechanisms and different existing forces. This code is coupled with the A*THERMAL,-S code, which calculates the details of plasmahapor interaction, in order to accurately predict melt-layer evolution, time-dependent melt erosion, and the interaction with the developing vapor cloud above the liquid surface during intense energy deposition. The analysis presented in this work is devoted to the study of melt-layer erosion due to bubble vaporization and K-H hydrodynamic instability to help explain the experimental results.
To correctly simulate melt-layer erosion, a four-moving-boundaries problem is solved [18] . The front of the vapor cloud, generated from the initial plasma energy deposition, is one moving boundary determined from the solution of vapor hydrodynamic equations. The second moving boundary due to surface vaporization of the target is calculated from target thermodynamics. Immediately following the surface vaporization front is a third moving boundary due to the melt layer splashing front. Finally, the fourth f moving boundary is the liquidsolid interface, which further determines the new thickness of the melt layer. These moving boundaries are interdependent, and a self-consistent solution must link them dynamically and simultaneously. It is the third moving boundary (the liquid splashing front), however, that determines the extent of metallic PFC erosion and lifetime due to plasma instabilities.
Additional laboratory experiments in the plasma gun facilities of PLADIS, QSPA, and the VIKA device were also performed to study melt-layer erosion. Most results from these facilities have demonstrated significant losses and erosion of the developed melt layers of metallic targets. Figure 4 shows the eroded thickness of aluminum targets derived from mass-loss measurements as a function of the incident plasma energy density at these plasma gun facilities, in comparison to model predictions from the A*T€€ERMAL-S and SPLASH computer codes. Also shown is the only Be-eroded depth data obtained from the PLADIS plasma gun at 100 ps [21] . The mass-loss measurements usually yield an erosion depth that is shallower by a factor of about 3 to 5 than the maximum depth recorded by surface profilometry, due to factors such as gun beam profile, melt-layer movement, and possible redeposited material (particularly near sample edges) [14] . At high plasma energy densities (>lo MJ/m2), the average eroded thickness is much higher than the predicted thickness from only surface vaporization. In fact, at the higher energies the eroded thickness can significantly exceed the sum of both the calculated surface vaporization and the stationary melt layer thickness and in most cases the net thickness eroded is more than two to three times that of the stationary melt-layer thickness. The stationary thickness is defined as the resulting melt-layer depth if no movement of the melt layer is assumed. This implies that the evolving melt layer is lost while it is being developed. Other plasma gun facilities have yielded even higher aluminum erosion thicknesses (> 200 pm) at a much lower energy density (E = 3.3 MJ/m2) deposited within 100 ps [22] . Such differences f among various plasma gun facilities can be attributed to the many uncertainties in energy calibration and diagnostic methods, mass loss vs. surface profilometry of exposed samples, sample geometry, the incident plasma dynamic pressure, and plasma particle kinetic energy.
The models of melt-layer erosion mechanisms are generally in good agreement with the experimental data but slightly underestimate the average eroded depth at the higher energy densities of the QSPA facility. This may suggest additional erosion mechanisms such as that due to nonuniform incident plasma dynamic pressure 
.

Effects of longer plasma instabilities
Although thermal-quench disruptions have no significant thermal effects on structural materials and coolant channels, VDEs, in addition to causing severe surface melting and erosion, can result in substantial damage to these components [3] . Because of the longer deposition time of VDEs (1OO-3OO ms), much of the plasma incident energy will be conducted through the surface coating material onto the copper structural material and finally to the coolant channels. One concern is the higher temperature observed in the structural material, particularly at the interface with the coating materials. Higher temperatures cause high thermal stresses in the structure and seriously degrade the integrity of the interface bonding because of thermal diffusion and formation of intermetallic compounds, which may lead to detachment of the coating from the structural material. Figure 6 shows the temperature of a copper surface at its interface with tungsten or beryllium coatings of 5 mm thickness or with 20-mm-thick carbon tiles over the 5 mm copper substrate during a typical W E . Surface coating and tile thickness are determined by the surface temperature limitations during normal operation. For ITER conditions, the thickness of beryllium or tungsten divertor targets is usually e10 mm. Thinner coatings are also desirable because of cost, safety, and concern about plasma contamination. Tungsten and carbon coatings of simtlar thicknesses usually result in similar and higher copper surface temperature than that of a beryllium coating because most of the incident plasma energy is removed by the beryllium's higher surface vaporization rate, which leaves little energy to be conducted through the structural material [3] . In the case of a 5-mm-thick tungsten coating, the copper surface interface actually melts. Only beryllium coatings of reasonable thickness (c5-10 mm) or very thick carbon tiles (>20 mm) can withstand the acceptable temperature rise in the copper structure for the conditions shown.
The heat conducted through the structural material will eventually reach the coolant channels. Figure 7 shows heat flux to the water coolant from beryllium, tungsten, and carbon coatings and tiles on the copper structure. Similar results to this work were also predicted [23] . Again, in the case of tungsten, the heat flux is so high that it can exceed the critical value and last up to a few seconds, causing burnout of the coolant channels.
Carbon tile thickness of 20 mm or more will reduce both the interface copper surface temperature and the heat flux to the coolant to acceptable limits. The reason for this reduction is that thicker coatings usually result in higher surface temperatures before and during VDEs and disruptions that may be acceptable for CBMs. This tends to increase surface erosion from vaporization during these events. Therefore, more incident plasma energy is removed by the hotter surface, leaving less incident energy to be conducted to the structure and to the coolant over a longer period because of the thicker coating. In these calculations, the initial value of the heat flux during normal operation, prior to VDEs and disruptions, is assumed in these calculations to be 5 MW/m2. A VDE may also occur on the limiter surface prior to normal operations, i.e., during start-up with lower heat flux values. This will slightly reduce the effects of VDEs in erosion of surface-coating materials, temperature rise in structural materials, and heat fluxes to coolant channels [3].
.
Conclusions
Various effects of plasmdmaterial interactions during plasma instabilities such as disruptions and VDEs have been studied with a comprehensive dynamic model that integrates in fine detail the structure's thermal evolution, physics of plasmdvapor interactions, magnetohydrodynamics, and photon radiation transport of multilayer structures. Various plasma instabilities result in different damage to PFMs and structural materials. Theoretical predictions of A*THERMAL-S and SPLASH codes are generally in good agreement with the experimental results. Carbon-based materials may be preferred to mtaUic materials in PFCs, from the standpoint of disruption-caused erosion. Thicker carbon tiles may also be favored as a PFM to reduce VDE erosion and plasma contamination and to mitigate various thermal effects because carbon is a lower-atomicnumber material and does not melt. However, carbon has several serious disadvantages, such as high explosive erosion at high energy densities, large tritium inventory due to codeposition, high chemical sputtering, radiation-enhanced sublimation, and low resistance to neutron damage. More-detailed modeling and more reactor-relevant simulation experiments are required before a final recommendation is made toward the selection of PFMs. In general, plasma instabilities must be avoided or sharply minimized. In addition, the effects of redeposited debris from the eroded materials on plasma contamination and on subsequent reactor operations must be studied further. Mater. 
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